Genotyping females and including them into the reference set for genomic predictions in dairy cattle is considered to provide gains in reliabilities of estimated breeding values for selection candidates. This should especially be true for low heritability traits. By the use of simulation, we extended a genomic reference set for an existing trait by including a fixed number of genotyped first-crop daughters for one or two generations of reference sires. Moreover, we calculated results for the effects of a similar strategy in a situation where for a new trait the recording of phenotypes has recently started. For this case, we compared the effect of two different genotyping strategies: first, to phenotype cows but to genotype their sires only, and second, to collect phenotypes and genotypes on the same cows. We studied the effects on validation reliabilities and unbiasedness of predicted values for selection candidates. We found that by extending the reference set with genotyped daughters it is possible to increase the validation reliability of genomic breeding values. In the case of a new trait, it is always better to collect and use genotypes and phenotypes on the same animals instead of using only sire genotypes. We found that the benefits that can be achieved are sensitive to the sampling strategy used when selecting females for genotyping.
| INTRODUCTION
Genomic selection has changed breeding programmes especially in cattle breeding. Bulls can be selected at a given younger age with higher reliability. So far, genomic evaluations were primarily implemented for traits with an established performance recording scheme providing phenotypes that were also used in conventional genetic evaluations. For these traits, it was possible and straightforward to include all available progeny-tested bulls in the reference set (Buch, Kargo, Berg, Lassen, & Sorensen, 2012) . The changing requirements in the dairy and beef production sector and progress in technology, however, will promote the availability of new phenotypes (e.g., Egger-Danner et al., 2014) . It can be assumed that for these new traits only a limited number of sires will have daughters with phenotypic observations in the short to medium term even if a broad performance recording scheme will be established. In other cases, new and expensive traits will only be recorded on a sample of all cows of the breeding population, for example, only on cows that are milked in automatic milking systems (Buch et al., 2012) or cows in specific herds. The heritability of many of these new traits with importance for the breeding scheme is often very low (Egger-Danner et al., 2014) . Given these two aspects, it is likely that the response to conventional selection will be low. As only few bulls will have proofs with high reliabilities, a reference set containing only AI-sires will also give only low reliabilities. It is in relation to this generally unfavourable situation with respect to new traits, the additional genotyping of cows providing the phenotypic information has been discussed by some researchers (e.g., Calus, de Haas, Pszczola, & Veerkamp, 2013) .
Several studies have shown that the inclusion of females in the reference set of a cattle breed should lead to higher reliabilities for young selection animals (e.g., Plieschke et al., 2016; Thomasen, Sorensen, Lund, & Guldbrandtsen, 2014) . Thomasen et al. (2014) found that by additionally including female genotypes in the reference set a higher genetic gain with lower rates of inbreeding can be achieved compared to a breeding scheme where the reference set grows only with the inclusion of newly progeny-tested bulls. also combined cows and bulls in one reference set. In their study, the highest validation accuracies were achieved with the combined data set compared to scenarios with only cows or only bulls in the reference set. Moreover, the growth of reference sets consisting of bulls only within breeds is restricted to the yearly increase in number of genomically preselected young bulls receiving daughter proofs. As a consequence, fewer bulls are progeny-tested than in pregenomic selection programmes (Buch et al., 2012; Pryce, Hayes, & Goddard, 2009 ) and the proportion of old bulls increases over time. As the reliability of genomic predictions also depends on the degree of relationship between reference and predicted animals (Clark, Hickey, Daetwyler, & van der Werf, 2012) , this "ageing" of the reference set may lead to a decrease in reliabilities. In addition, preselection of young reference bulls may influence the quality of genomic predictions Schaeffer (2014) .
This investigation is intended as an extension and follow-up of Plieschke et al. (2016) where we have examined the potential to increase reliabilities of breeding values of young selection candidates by genotyping a fixed number of first-crop daughters of each sire of one or two generations in a balanced and regular system of genotyping. With this paper, we want to add several additional results and cover the subject of new traits within the methodological framework of the approach developed in our first investigation. In the case of these new trait designs, phenotyping has started only recently, and therefore, only a limited number of phenotypes are available. For genotyping in this situation, we investigated two different strategies with genotypes available only for sires of phenotyped cows or for the phenotyped cows themselves. We included some additional considerations with respect to the sampling of cows for phenotyping and phenotyping plus genotyping, respectively. For comparison, we include results for a trait with the same heritability, which has already been recorded for a long time and which we call the old trait design.
| MATERIAL AND METHODS

| Simulation with QMSim
We ran a simulation with four replicates using the openaccess software QMSim (Sargolzaei & Schenkel, 2009 ). We first simulated a so-called historical population to create an LD structure sufficiently strong for the situation observed in the Fleckvieh breed (hereafter called FV). QMSim first simulated a so-called historical population, which consisted of 2,000 unrelated animals with a balanced sex ratio. These animals were randomly mated for 2,500 generations. To create a sufficiently strong LD structure as observed in FV, a bottleneck was introduced after 2,500 generations by reducing the number of breeding animals to 150 for one generation. After this bottleneck, population size was increased within one generation again to 31,500 animals (30,000 dams and 1,500 sires), which represented the founder animals (generation 0) of the so-called "recent" or pedigreed population. The pedigreed population was propagated for 10 generations. In every generation of the pedigreed population, 15,000 female and 15,000 male offspring were generated by mating 30,000 dams and 1,500 breeding sires. Generations were overlapping and in every generation 30% of the dams, and 70% of the sires were replaced. We simulated 30 chromosomes each with a length of 100 cM. On each chromosome, 1,660 markers and 30 QTL were evenly distributed (49,800 markers and 900 QTL in total). After routine checks (Edel et al., 2001; Ertl et al., 2012) , nearly 38,000 valid markers and approximately 700 QTL still segregating in the reference set (both depending on repetition) were available. We assumed a sex-linked trait with polygenic nature and a single observation for every female with heritability set to 0.05.
For the sake of brevity in this investigation, we only consider the animals of generation 10 as validation sample. This sample consists of unselected candidates whose sires and/or (half-)sisters are part of the reference set. For these animals, genomic breeding values were calculated from several reference sets varying according to the design and scenario investigated. Estimates then were compared to the true breeding values from the simulation.
| Simulation of the daughter sets
For each reference bull of generations 7 and 8, we generated 200 additional daughters without using QMSim. We generated gametes by combining known haplotypes (markers and QTL) of these sires and of potential breeding dams from the population. The gametes were randomly mated (excluding sisters, daughters and dams of bulls) to create genotypes of the daughters. When generating the gametes, we introduced on average one random crossingover event per Morgan for each chromosome. True breeding values (TBV) were derived by summing the true QTL effects for all relevant loci of a daughter.
| Phenotypes
Phenotypes used were yield deviations (YD; VanRaden & Wiggans, 1991) for females and DYDs (VanRaden & Wiggans, 1991) for sires. YDs for females were generated using the corresponding TBV and a random residual. YDs of all daughters were used to calculate DYDs of the corresponding sire. Females that were themselves part of the reference set were omitted from the calculation of DYDs. Phenotypes were weighted with the equivalent number of own performances calculated as EOP ¼ λ 
| Designs
For the two new trait designs, we assumed a situation where phenotyping of cows has just begun. Here, phenotypes of daughters were assumed to be available for bulls of generations 8 or generations 7 and 8 only. The names of the extended scenarios are derived from the number of phenotyped daughters and the sire's generation (e.g., −/50 or 100/100). The number before the slash in the scenario's name is the number of daughters per progeny-tested bull of generation 7, and the number after the slash is the number of daughters per progeny-tested bull of generation 8. Two strategies for genotyping were investigated: In design BullRef cows are phenotyped, but only their sires are genotyped and used in the reference set. In design CowRef genotypes of phenotyped cows are available, and cows are used directly as the reference set. The number of reference animals therefore differs considerably between these two designs and is summarized in Table 1 . In addition, we analysed a design called old trait. Here, we assumed a situation where all cows of the breeding population are phenotyped routinely as in Plieschke et al. (2016) . All sires of generations 0-8 therefore have DYD, and generations 5-8 (n = 4,200) are used as reference set in the base scenario. This scenario was then extended by genotyping daughters of either the last generation or the last two generations of reference bulls and integrating them into the reference set (Table 1 ). This design is only intended as a comparative value in order to assess the effects of the new trait designs. Simulated heritability of the trait was 0.05 in all designs and scenarios.
| Special scenarios
In Plieschke et al. (2016) , we found that preselection or unbalanced daughter numbers for sires affect the reliability of genomic breeding values. Therefore, we investigated two additional scenarios. First, we assumed a situation where the worst 33% of daughters were culled before the first calving so that only the best 133 daughters of 200 daughters were available for phenotyping. We randomly sampled 50 of these 133 daughters to obtain the same sample size as in the reference scenario −/50. Such a situation might occur when the sampling strategy is intended to be based on an unselected daughter sample, but selection within herds already took place based on a visible phenotype that has not (yet) been recorded. A typical example is preselection based on conformation. Comparable to this might be a situation where genomic breeding values of all cows are available and used for replacement selection within herds. As only 50 daughters per sire are assumed to be phenotyped and no other daughters of the sire are phenotyped, this situation was labelled selective phenotyping (scenario −/50 sp ). Second, we also included an unbalanced scenario (−/50 ub ) where daughters were unselected, but different numbers of daughters per sire were genotyped and/or phenotyped. The overall number of females was kept the same as in scenario −/50. This was performed by randomly selecting five daughters for 330 sires, 50 daughters for 621 Note. The names of the extended scenarios are derived from the number of phenotyped daughters and the sire's generation. The number before the slash in the scenario's name is the number of daughters per progeny-tested bull of generation 7, and the number after the slash is the number of daughters per progeny-tested bull of generation 8. In the case of BullRef, the sires of phenotyped daughters are genotyped only. In both cases, either BullRef or CowRef the column CowRef gives also the number of available phenotypes used either as a DYD (BullRef) or directly as a YD (CowRef).
sires and all 200 daughters for 99 sires. Table 2 gives an overview of the two additional scenarios and the number of animals in the reference set. Special scenarios were only investigated for the new trait designs.
| Genomic prediction
We calculated direct genomic values (DGVs) and reliabilities using a SNP-BLUP model Meuwissen, Hayes, & Goddard, 2001) , which is similar to the GBLUP procedure (VanRaden, 2008) that is commonly used to estimate genomic breeding values. Due to the large number of animals in the most extended design (210,000 phenotyped and genotyped cows), we preferred the SNP-BLUP model. The model equation of the SNP-BLUP approach can be described as:
and the corresponding mixed model equations are as follows:
where y is the vector of observations (here DYD or YD), b the vector of fixed effects (in our simulation only an overall mean), g the vector of random marker effects and e the vector of residual effects. Matrix X is a design matrix which links the observations to the respective fixed effects and M is the centred coefficient matrix of marker genotypes and p j and q j are the estimated base allele frequencies (Gengler, Mayeres, & Szydlowski, 2007) . Centring was performed by subtracting two times the base allele frequency estimate from the corresponding column of M (VanRaden, 2008). Matrix R is a diagonal matrix with σ 2 e =w i on the diagonal, where w i is the EOP of the i-th observation and matrix I is an identity matrix of order m (number of markers).
Direct genomic values s are calculated as
and the corresponding predicted error variances (pev) are calculated as:
where M* is the matrix M extended with a column of ones, and C À1 s is the inverse of the left-hand side of the SNP-BLUP-MME (mixed model equation).
The reliability of the DGV of the i-th animal can then be calculated as:
where diag(pev(DGV)) i is the i-th diagonal element of the pev(DGV) and diag(G) i the ith diagonal element of the genomic relationship matrix (G) which is 1 plus the genomic inbreeding coefficient. Matrix G is defined as follows:
For the analysis, we calculated a weighted regression of TBV on DGV for validation animals. We used the model fit of this regression as a measure of validation reliability (ρ 2 ) and the regression slope (b) as a measure of bias describing the inflation of estimates (Mäntysaari, Liu, & VanRaden, 2010 ).
| RESULTS
Results shown below are averages of validation reliability (ρ 2 ) and the regression slope (b) over four repetitions of the simulation. Standard errors of the results presented in the main body of the paper were lower than 1.2 for validation reliabilities and lower than 0.035 for regression slopes. | 289 phenotyped cows were also genotyped, a validation reliability of more than 50% was achieved. Table 4 ), but at the price of highly deflated estimates. With CowRef, selective phenotyping leads to lower validation reliability (ρ 2 = 26%) than the reference scenario but still higher than any of the BullRef scenarios. However, estimates showed a considerable deflation (b = 1.25). For the CowRef design, a moderately unbalanced scenario (−/50 ub , Table 4 ) showed no effect on reliabilities or regression slopes, whereas for the BullRef design scenario −/50 ub resulted in very low ρ 2 and highly inflated estimates (b = 0.35).
| Effects of genotyped daughters
| Effects of the composition of the daughter samples
| DISCUSSION
| Comparison of BullRef and CowRef
As the size of the reference set has a large impact on the reliability of genomic prediction (Hayes, Bowman, Chamberlain, & Goddard, 2009) , CowRef always leads to better results than BullRef even though the heritability of an individual cow phenotype is lower than that of a DYD of a sire (5% compared to 39% for scenario −/50). However, the strategy to phenotype females and genotype only their sire is still common for genomic selection programmes. Buch et al. (2012) also tested two scenarios where they genotyped the phenotyped cows themselves or their sires for a trait with h 2 = 0.05. Their results support our results in general, but resulting reliabilities were on a much lower level due to the fact that their reference sets were much smaller in the different scenarios.
| Effects of selective phenotyping
Some projects for genotyping females plan to genotype calves from which they then want to sample cows for phenotyping. In such a strategy, it is not possible to avoid that some calves will be selected based on their genomic breeding value and culled before a phenotype can be recorded. In that case, all the phenotyped cows are preselected. This has consequences on validation reliability, and moreover, it leads to highly biased genomic breeding values.
| BullRef
We found that scenario −/50 sp with selective phenotyping leads to higher validation reliabilities than scenarios with randomly selected daughters. Results were 12% and 17% for scenarios −/50 and −/50 sp , respectively. From analysis of the variation within daughter samples of sires (results not shown), we found a smaller variation of YDs resulting in lower standard errors for sire means. This is a consequence of the low heritability of the trait leading to a situation where selection primarily reduces the residual variance of the phenotypes. This results in higher correlations between the mean of the daughter sample and the sire's TBV, but breeding values are overestimated (b = 1.17 and b = 1.45 for scenarios −/50 and −/50 sp , respectively). We do not expect to find similar results in practice, because it is unlikely that selection intensities would be the same in all sire families, which would introduce additional variation between sire estimates. Note. BullRef: a reference set consisting of bulls only and CowRef: a reference set consisting of cows only. The names of the extended scenarios are derived from the number of phenotyped daughters and the sire's generation. The number before the slash in the scenario's name is the number of daughters per progeny-tested bull of generation 7, and the number after the slash is the number of daughters per progeny-tested bull of generation 8. In the case of BullRef, the sires of phenotyped daughters are genotyped only. In both cases, either BullRef or CowRef the column CowRef gives also the number of available phenotypes used either as a DYD (BullRef) or directly as a YD (CowRef). The best 133 daughters of the 200 daughters per sire were preselected.
T A B L E 4
290
|
In contrast to the other designs, we found that an unbalanced phenotyping strategy led to very low validation reliability (only 3% for scenario −/50 ub ). As the size of the reference set with BullRef is already very small and DYDs of sires are based on a limited number of lowly heritable daughter phenotypes, reducing the number of daughters for some sires to only five virtually eliminated these data points. The effective size of the reference set is therefore decreased, and validation reliabilities are reduced.
| CowRef
The scenario with selective phenotyping of cow samples had lower validation reliability than the scenario with the randomly selected females. Moreover, the estimated breeding values are highly inflated (b = 1.25 for −/50 sp vs. b = 0.97 for −/50). This means selective phenotyping has a large impact on validation parameter and for this reason, it should be avoided.
| Comparison to an old trait
Compared to a previously recorded trait, the validation reliability of the new trait design is always lower than the validation reliability of the old trait design. The difference between the CowRef design and the old trait design decreases as the number of genotyped cows increases. While the difference in scenario −/25 was still 22 percentage points, the difference in scenario 100/100 decreased to 4 points. This means that genotyping and phenotyping of a sufficient number of cows from one or two generations can yield a validation reliability that almost equals that of an old trait design.
| General considerations
We only tested one new trait with a low heritability although there are other new traits with higher heritability like, for example, dry matter intake (Tetens, Thaller, & Krattenmacher, 2014) or methane emission (Lassen & Lovendahl, 2016) . However, the general trends we observed in all our simulations (shown in this paper and in Plieschke et al., 2016) were quite similar no matter what heritability we assumed. Some aspects, like the negative effect of unbalanced daughter samples in BullRef, might not be observable with a higher heritable trait.
In this investigation and in Plieschke et al. (2016) , we calculated the phenotypes to be used in our two-step approach of genomic breeding value estimation based on TBV from the simulation plus residuals (YD) and aggregated the DYD of bulls directly based on these YD of daughters. In practice, one would also have to cope with biased estimates for the YD of genotyped daughters, which is an additional argument for a random sampling of daughters to be genotyped.
A detailed cost-benefit calculation certainly depends on the assumed costs for phenotyping and genotyping. Nevertheless, consideration can be given to this aspect. First, the costs of phenotyping in both designs are the same in the respective scenarios, only the genotyping costs differ. However, only with the CowRef design considerable validation reliabilities within one generation can be achieved, because only with the CowRef design the size of the reference population can be considerably increased. The size of the reference population from the BullRef design, however, is limited to the number of bulls used per generation. Therefore, increasing the reference population in a BullRef design will take many years until satisfying validation reliabilities can be achieved. Especially when phenotyping costs are high or when the capacities for phenotyping are limited (e.g., feed intake), the breeders will not be willing to pay phenotyping for many years without an immediate benefit. The cost of genotyping is decreasing, and many cows will be genotyped in the future, anyway.
A currently frequent research topic is the consideration of moving from the routinely used multistep genomic evaluation approach to the single-step approach. The essential assumption of this work is that all phenotyped cows are getting genotyped. In such a situation, the single-step model would not have any advantage over the SNP-BLUP used here. Single-step approaches may rather have advantages in a scenario, in which well-established phenotypes are broadly and for a long time collected, so that additional information from ungenotyped cows with phenotypes could be gained through imputation. In general, this does not apply to new traits, where the collection of limited phenotypes is linked to the genotyping of the same animals.
| CONCLUSIONS
Extending the reference set by adding a large number of cows with genotypes and phenotypes increases the reliability of breeding values of young selection candidates also for low heritability traits. The absolute gain found was much lower, but the relative gain was similar as for a trait with higher heritability. In the case of a new trait, genotyping of cows is the only realistic option to obtain reasonable reliabilities in due time. We found that the benefits that can be achieved in all cases are sensitive to the sampling strategy used to select females for genotyping.
